Sequence analysis of 5'-[32P]labeled tRNA and eukaryotic mRNA using an adaptation of a method recently described by Donis-Keller, Maxam and Gilbert for mapping guanines, adenines and pyrimidines from the 5'-end of an RNA is described. In addition, a technique utilizing two-dimensional polyacrvlamide gel electrophoresis for identification of pyrimidines within a sequence is described.
INTRODUCTION
We have recently described1 4 a variety of methods utilizing in vitro labeling with [32p] for the sequence analysis of non-radioactive tRNAs. One of these is the use of nuclease P and two-dimensional homochromatography for the sequencing of [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] nucleotides from the 5'-or 3'-ends of any RNA which can be selectively labeled at these termini.5 Along with a general method that we developed for removing the "cap" structure from the 5'-ends of eukaryotic mRNAs and the subsequent labeling of Nucleic Acids Research these mRNAs with [32P at their 5'-ends, the above procedure has led to the sequencing of the 5'-termini of rabbit a-and 3- globin mRNAs6, alfalfa mosaic virus RNA7, and the 3'-end of turnip yellow mosaic virus RNA8. More recently, Donis 5 .8S RNA was partially digested in urea at elevated temperature with T1-RNase to generate partial cleavage after G residues, with U2-RNase for partial cleavage after A residues and with alkali for partial cleavage after all four residues. The 5'-[32P] labeled fragments thus generated were separated according to their chain length by polyacrylamide gel electrophoresis under denaturing conditions and the relative locations of G, A and by difference that of pyrimidine residues from the 5'-end of a labeled RNA could be determined. The procedure as described cannot be used to distinguish among the pyrimidine residues and a search for enzymes which can help discriminate between C and U residues is currently under way (H. Donis-Keller, personal communication).
In the present paper we describe our adaptation and extension of the above scheme for sequencing 5'-[32P] labeled tRNA and eukaryotic mRNA. We have expanded the variety of RNase digestions employed, and have used T2-RNase and a pyrimidine specific extracellular RNase from a strain of B. cereus T2-RNase hydrolyzes almost all of the phosphodiester bonds in RNA and is most useful on tRNAs which contain modified nucleosides such as D, m7G, etc., where the use of partial alkaline digests for obtaining cleavage at all the phosphodiester bonds may lead to partial destruction or alteration of certain modified nucleosides. The pyrimidine specific RNase from B. cereus, unlike pancreatic RNase which is more sequence specific9, cleaves after almost all of the pyrimidines in an RNA and thereby provides a more direct evidence for the location of pyrimidine residues from the 5'-end of an RNA. In addition, we describe the use of two-dimensional polyacrylamide gel 24H2O , 0.25 g; and distilled H20 to 100 ml. Solution B was a mixture of 1 M K2HPO4, 1 M NaH2PO4, and distilled H20 in a ratio of 1:1:4 by volume. Standard microbiological procedures were used to isolate pure cultures from these plates.
After isolation, the organisms were maintained on slants composed of the above medium. Two 5 ml. slants were inoculated and incubated 16-24 hours at 370C. The entire growth of the slants was transfered to 100 ml. of liquid medium containing per liter: lactose, 5 g; neopeptone, 10 g; NaCl, 2 g; yeast extract, 2 g; beef extract, 5 g. After incubation of the standing growth flask at 370C for 24 hours the contents were mixed by swirling and a small portion was diluted 1 to 20 with H20. The absorbance of the diluted sample was read at 550 nm against H20. The amount of standing culture to be used as an inoculum for the growth flask was calculated as follows: ml. inoculum per 300 ml.medium = 66.6 A550 x 20
One 4 liter flask containing 1 liter of liquid medium was inoculated and incubated at 350C for 7 hours with vigorous shaking in a reciprocating shaker-water bath. Growth was terminated by cooling the medium to 40C in ice, 2-4 drops of n-octanol was added and concentrated H2So4 (10 ml.) was added slowly while the medium was stirred with a magnetic stirrer.
The flask was covered and stored overnight at 4°C before further processing, but could be stored for several days without loss of enzymatic activity.
The contents of the flask were centrifuged at 10,000 xg for 30 minutes to pellet cells. The supernatant was adjusted to pH 7.5 by dropwise addition of 10 M NaOH. The neutral fluid was then concentrated to 40 to 100 ml. using an Amicon Model 402 Concentrator-Dialyzer fitted with a PM10 membrane.14 The sample was continuously dialyzed in the concentrator-dialyzer with 0.02 M sodium acetate (pH 4.8) until the pH of the effluent was 4.8. (Alternatively, the enzyme could also be dialyzed against 0.1 M potassium borate, pH 8.0.) The enzyme was stored at 40C in either buffer without appreciable loss of activity for two to four months. For some of the experiments the enzyme was partially purified by chromatography on a column of CM-cellulose. The migration of the [32 P labeled a-and 6-globin mRNAs as discrete bands and the lack of background radioactivity in Figure 1 further indicate that the conditions used for the removal of the "cap" structure and subsequent labeling do not Nucleic Acids Research Figure 2 . Also shown on Figure 2 is the known sequence of this region of rabbit 6 -globin mRNA from the work of Lockard and RajBhandary, 6 Figure 3 shows an example of the application of the above sequencing procedure to 5'-[32P] labeled tRNA, including the use of pancreatic RNase, and of T2-RNase instead of alkali, for obtaining partial digests. In this experiment, the 5'-terminal 14 nucleotides were run off the gel and the sequence which is shown begins with the fifteenth nucleotide from the 5'-end of the tRNA. The presence of additional bands in one of the partial T1-RNase digests ( Figure 3 , track 2 from the left) besides those expected from cleavage at G residues is due to the fact that the 5'-[32P] tRNA used had undergone some random cleavage during its isolation following polyacrylamide gel electrophoresis and storage. As in the case of rabbit 3-globin mRNA (see above), the results of this experiment alone do not allow us to distinguish among the pyrimidines. However Figure 3 also exemplify the usefulness of T2-RNase for obtaining partial digests at every phosphodiester bond in a tRNA. We have no evidence that the were then subjected to two-dimensional gel electrophoresis. The mRNA chosen for this purpose was alfalfa mosaic virus RNA 4. Since electrophoresis in the first dimension was on a 40 cm. long gel and only a 16 cm. long strip from it was used for electrophoresis in the second dimension, the region from which the gel strip was cut and the time of electrophoresis in the first dimension will determine the size range of the partial fragments being analyzed. We have found it useful to apply the same partial digest in two parallel slots for the first dimension and to include an overlap of about 6 cm. or more among the two vertical strips which are subsequently used for electrophoresis in the second-dimension. The basic principle behind the separation of the homologous oligonucleotides observed in Figures 4A and 4B is similar to that in two-dimensional electrophoresis--homochromatography5' 18, 19 and the mobility shifts between two homologous oligonucleotides which differ by a C or A residue can be easily distinguished from those which differ by a U or G residue. In Figs. 4A and B,mobility shifts due to U or G are almost vertical whereas those due to C or A are at a sharp angle. We have some preliminary evidence that it might be possible to differentiate a purine nucleotide mobility shift from a pyrimidine nucleotide, as can be often done in homochromatography.5'18 '19 Thus, it may eventually be possible to additionally distinguish C from A and U from G using two-dimensional electrophoresis. Using such a procedure and a combination of the methods described in this paper involving one-dimensional and twodimensional polyacrylamide gel electrophoretic analysis of partial digests (Figures 2, 4A and 4B), we have recently determined the sequence of 74 nucleotides at the 5'-terminus of alfalfa-mosaic virus RNA 4 leading into the coat protein 7 cistron7. Since the translational initiator codon in most eukaryotic mRNAs is likely to be 100 nucleotides or less from the 5'-end, sequence analysis of the 5'-untranslated regions of most eukaryotic mRNAs which are available in pure form or which can be purified subsequent to 5'-labeling will, therefore, be much simpler now. The procedure originally described by Donis-Keller, et. al.9 allows one to map the location of G's, A's and of pyrimidines from the end of a terminally labeled RNA using partial digestion with T1-RNase for cleavage specifically at G residues, with U2-RNase for cleavage at A residues, and with alkali for cleavage at all four residues. In our experience, nonspecific cleavages by T1-RNase and U2-RNase are insignificant except at very high enzyme/substrate ratios. Any ambiguity that might arise in the interpretation of data due to such nonspecific cleavages can be usually resolved , 8, 20 The usefulness of the methods discussed in here for sequencing tRNA lies more in the fact that these methods can provide most of the overlap information necessary for ordering these oligonucleotides into a unique sequence within a relatively short period and requires less than a microgram of the tRNA. Thus, using partly this method, we have recently completed the se- 
